Aims/hypothesis. It has been proposed that genetic factors involved in insulin action could explain part of the link between low birthweight and risk of cardiovascular disease and diabetes in adulthood. To confirm this we examined the association between offspring birthweight and paternal insulin resistance and diabetes in late adulthood. Methods. We did a cross-sectional survey of 4252 men who were 60 to 79 years of age and from 24 British towns. Of these, 2788 men provided details of their offsprings' birthweight and sex. Results. Offspring birthweight was inversely associated with paternal insulin resistance defined by the homeostasis model assessment (HOMA) score and with Type 2 diabetes in late adulthood. Fathers of offspring in the highest quartile of sex-standardised birthweight SD scores had a 34% reduction in odds of having a high HOMA insulin resistance score (OR=0.66, 95% CI: 0.47 to 0.92) compared with fathers of offspring in the lowest quartile after adjustment for potential confounders. A stronger inverse association was seen between offspring birthweight and risk of paternal diabetes (adjusted OR=0.59, 95% CI: 0.39 to 0.88 top quartile vs lowest quartile). For each increase of offspringbirthweight SD score the odds of high HOMA scores decreased by 13% (OR=0.87, 95% CI: 0.78 to 0.98) and the odds for diabetes by 17% (OR=0.83, 95% CI: 0.72 to 0.95), after full adjustment. Conclusions/interpretation. Offspring birthweight is inversely associated with paternal insulin resistance and diabetes in late adulthood, supporting the hypothesis that genetic factors related to insulin action contribute to the association between birthweight and adult cardiovascular disease and diabetes risk. [Diabetologia (2004) 47:12-18] 
insulin resistance and impaired insulin-mediated fetal growth) [2] . Though a relation between maternal diabetes and insulin resistance on the one hand, and low offspring birthweight on the other has been observed [7] , information on fathers is limited [8, 9] . Studies of men have been limited by low statistical power, selfreported diagnoses of diabetes, or because they were done in atypical populations with a high risk of Type 2 diabetes. It is of particular interest to compare the strengths of these associations in men and women within similar populations because a relationship in women could be explained by direct intrauterine influences on birthweight, which cannot be the case for men. Our investigation of the relationships between paternal insulin resistance, paternal diabetes and offspring birthweight among older men was done in a cohort parallel to one in which women were studied and from which data on these relations have been reported [7] .
Subjects and methods
Study cohort. The British Regional Heart Study is a prospective study of cardiovascular disease involving 7735 men of 40 to 59 years of age and selected from the age and sex registers of one general practice in each of 24 British towns. These men were screened between 1978 and 1980 [10] . Ethics approval was provided by all relevant local research ethics committees. All men provided informed written consent to the investigation, which was carried out in accordance with the Declaration of Helsinki. Research nurses collected information by means of a standard questionnaire including questions on physical activity, smoking and medical history. All men have been followed up for all-cause mortality, cardiovascular morbidity and development of Type 2 diabetes since the initial screening [11] . During follow-up, similar questionnaires were mailed to the men between 1983 and 1985 (Q5), in 1992 (Q92), and again in 1996 (Q96). Between 1998 and 2000 all surviving men, now 60 to 79 years of age, were invited for a 20th year follow-up examination, carried out in a local health centre. All men attending the 20th year follow-up completed a mailed questionnaire (Q20) providing information on their medical history, smoking and drinking habits, physical activity and occupation. They also had a physical examination and provided a fasting blood sample. These men were asked to fast for a minimum of 6 h, drinking only water, and to attend for measurement at a pre-specified time between 08.00 and 20.00 hours. Blood samples were collected using the Sarstedt Monovette system. Of the 5565 surviving subjects, 4252 (77%) attended for examination. In this recent re-examination men were asked for the first time about details of their offsprings' birthweight and sex. Our analysis uses cross-sectional data from the 1998 to 2000 re-examination of cohort survivors.
Cardiovascular risk factors. Details of classification methods for smoking status, alcohol consumption, physical activity, BMI and adult and father's social class have been described previously [10, 12, 13] .
Two seated blood pressure measurements were made with a one-minute interval using the Dinamap 1846 (Critikon, Critikon Services, Berkshire, UK) and using a cuff size consistent with American Heart Association guidelines [14] . Blood pressure was adjusted for observer variation. Plasma (fluorideoxalate) was collected to measure glucose. Serum was collected to measure lipids and insulin. Total cholesterol, HDL cholesterol and triglycerides were measured using a Hitachi 747 automated analyser (Hitachi, Tokyo, Japan) and reagents supplied by Roche Diagnostics (Basel, Switzerland). Total Cholesterol and HDL cholesterol were measured using established methods [15, 16] . LDL cholesterol values were calculated using the Fredrickson-Friedewald equation [17] . Plasma glucose was measured by the glucose oxidase Trinder method [18] using a Falcor 600 automated analyzer (A. Menarini Diagnostics, Wokingham, UK). Serum insulin was measured using an ELISA assay which does not cross-react with proinsulin [19] . LDL cholesterol, triglycerides, insulin and glucose values were adjusted for the effects of fasting duration and time of day [20] .
Offspring birthweight. At the re-examination between 1998 and 2000 the men were asked to provide details of the birthweights and sex of their children. To be consistent with other research in this area [7] , and because of systematic increases in birthweight with increasing parity, we used details of the firstborn offspring for the main analysis. Of the 4252 men who participated, 444 indicated that the question was not applicable (presumed childless). Of the remaining 3808 men 3015 (79%) provided details of their firstborn's birthweight. In nine subjects the offspring's birthweight was less than 1500 g, and these subjects were removed from the analysis. A total of 218 men failed to provide details on the sex of the child and were also excluded, leaving 2788 men for analyses. The sex of the offspring included was as follows: 1474 (52.9%) were male with a mean birthweight of 3.36 kg (SD 0.52); 1314 were female with a mean birthweight of 3.25 kg (SD 0.50).
Outcome. Information on prevalent diabetes was based on review of general practice medical records between initial screening in 1978 to 1980 and the return of Q20, and also on recall by the subject of physician-diagnosed diabetes (obtained by completion of Q20). Insulin resistance was estimated according to the homeostasis model assessment (HOMA) as the product of fasting glucose (mmol/l) and insulin (µU/ml) divided by the constant 22.5 [21] . HOMA scores were not calculated for diabetic men and men with fasting glucose above 7 mmol/l, because in a study of older men (mean age 61 years) HOMA scores in men with glucose intolerance or diabetes were only weakly correlated with euglycaemic clamp assessment (r s =0.13) [21] . Men with a doctor's diagnosis of diabetes (GP reporting at any of the biennial record reviews or recall at any of the questionnaire surveys) and men with a fasting glucose above 7 mmol/l were all considered to have prevalent diabetes in this study [22] .
Statistical analysis. Since birthweight is higher on average in male neonates we standardised birthweight for sex by expressing offspring birthweight as an SD score or z score. Sex-specific SD scores (z scores) were derived for each offspring's birthweight. The SD score was calculated as individual's offspring birthweight minus sex-specific mean offspring birthweight for the cohort divided by the sex-specific standard deviation of offspring birthweight for the cohort. A unit increase in birthweight SD score is an increase of 1 SD of birthweight standardised for sex. HOMA scores and triglyceride concentrations were log normal: geometric means are presented and the natural log of the concentrations were used in the regression models. Subjects were defined as having high insulin resistance if they were in the top quartile of HOMA scores. Age-adjusted means of insulin resistance (HOMA score) and means and prevalence of other cardiovascular disease risk factors are presented across quartiles of offspring birthweight SD score.
Age-adjusted trends across quartiles of birthweight SD score were examined using multiple linear regression for continuous variables and multiple logistic regression for categorical variables. Multiple logistic regression was used to estimate the relative odds of high insulin resistance and diabetes for the quartiles and the relative odds per 1 unit increase in offspring birthweight SD score, with adjustment for potential confounding factors. In these models age, BMI, waist-to-hip ratio, systolic and diastolic blood pressure, HDL cholesterol, LDL cholesterol and triglycerides (logged) were entered as continuous variables. The following were entered as categorical variables: adult (based on longest held occupation) and childhood (based on father's longest held occupation) social class (I, II, III nonmanual vs III manual, IV, V and armed forces), physical activity (five levels: none, occasional, light, moderate, moderately vigorous to vigorous), alcohol intake (five levels: 0 drinks per day, less than 1 drink per day, 1 to 2 drinks per day, 3 to 4 drinks per day, 5 or more drinks per day; 1 drink = half a pint of beer or 1 glass of wine or 1 measure of spirits) and current smoking (yes/no). "Active" was defined as those reporting at least moderate levels of activity. All analyses were carried out using the SAS software version 8.2 (SAS Institute, Carey, N.C., USA).
Results

Paternal characteristics.
Men who provided details of offspring birthweight were younger than men who did not (68.4 vs 69.4 years), but there was little difference in age-adjusted mean HOMA score or prevalence of diabetes between the two groups. There were 305 prevalent cases of diabetes (197 doctor diagnosis, 108 by blood glucose above 7 mmol/l) among the 2788 men providing details of offspring birthweight. The offspring of fathers who developed diabetes in later adult life were on average lighter than the offspring of non-diabetic fathers (age-adjusted mean SD score −0.128 vs 0.01; p=0.02).
Association between offspring birthweight and paternal insulin resistance and paternal diabetes. Table 1 shows the relationship between offspring birthweight z score divided into quartiles and age-adjusted HOMA scores, prevalence of diabetes and other cardiovascular disease risk factors. Fathers with heavier babies tended to be less insulin resistant. Although the differences in absolute mean HOMA between the birthweight quartiles were small, the difference in percentage of men with high levels (defined as the top quartile of the distribution) was more marked. Fathers with heavier babies were less likely to have a high HOMA score (marginal significance) and less likely to be diabetic than fathers of lighter babies (p=0.02). They were taller, had higher waist-to-hip ratios than fathers of lighter babies and were more likely to be active, have higher BMI and belong to non-manual social classes in childhood and adulthood, although these latter trends were not statistically significant at the conventional 5% level. An inverse association was seen with fasting insulin and blood glucose although the trend was not statistically significant. No association was seen between offspring birthweight and blood lipids and blood pressure, although fathers with the heaviest babies had the lowest mean blood pressure. Because BMI and waistto-hip ratio are strongly and positively associated with hyperinsulinaemia and diabetes, the inverse association between the HOMA score and diabetes prevalence and offspring birthweight was strengthened by adjustment for waist-to-hip ratio and current BMI (Table 2). Adjustment further strengthened the inverse relationship seen with fasting insulin (p=0.02 for trend) and blood glucose (p=0.08 for trend), which is consistent with the inverse relationship seen with HOMA.
The age-adjusted odds of developing insulin resistance (top quartile of HOMA) for fathers with offspring birthweight in the top quartile compared with the bottom quartile was 0.80 and this strengthened to 0.75 after adjustment for BMI and waist-to-hip ratio (Table 3) . This relationship persisted even after full adjustment for other potential confounding factors (systolic blood pressure, diastolic blood pressure, HDL cholesterol, LDL cholesterol, triglycerides, smoking, adult height, adult social class, childhood social class, physical activity and heavy drinking) [adjusted odds ratio (OR)=0.66, 95% CI: 0.47 to 0.92]. A stronger and more progressive inverse relationship was seen with diabetes (adjusted OR=0.59, 95% CI: 0.39 to 0.88 top quartile vs bottom quartile). For each unit increase in birthweight SD score, i.e. increase in 1 SD of birthweight for sex, the odds of high HOMA decreased by 13% (OR=0.87, 95% CI: 0.78 to 0.98) and the odds for diabetes decreased by 17% (OR=0.83, 95% CI: 0.72 to 0.95), after full adjustment. We repeated the analyses for the second-born child (n=2,388 men) and third-born child (n=998 men). The inverse relationship between offspring birthweight and diabetes and insulin resistance (HOMA) was similar for the second-and third-born offspring birthweight. The fully adjusted mean differences in offspring birthweight SD score between diabetic and non-diabetic subjects were: −0.17 (0.07) (p=0.01), −0.14 (0.08) (p=0.06) and −0.14 (0.07) (p=0.06) for the first, second and third-born offspring respectively.
Discussion
Our finding that offspring birthweight is inversely associated with paternal insulin resistance and diabetes in later life is consistent with the fetal insulin hypothesis, namely that genetic factors related to both insulin resistance and birthweight explain at least part of the association between birthweight and adult cardiovascular disease and diabetes risk [2] .
In a recent cohort of women of the same age and from similar British towns to the men in this study, offspring birthweight was inversely associated with maternal insulin resistance but a U-shaped relationship was seen with maternal diabetes [7] , possibly reflecting the known association between impaired glucose tolerance in mothers and greater offspring birthweight [23, 24] . We also observed an inverse relationship between offspring birthweight and (paternal) insulin resistance, but in contrast to the other study an even stronger inverse association was seen between offspring birthweight and (paternal) diabetes. Studies carried out in the mid-twentieth century [25, 26] found that the offspring of diabetic men had higher birthweights than the offspring of control subjects, but a high proportion of men in this age group would have Type 1 diabetes [27] . For individuals higher birthweight is associated with the risk of developing Type 1 diabetes [28] , and if common genetic factors are involved, it is factors related to increased birthweight and increased risk of Type 1 diabetes. Type 2 diabetes, on the other hand, is associated with lower individual birthweight [1] and with greater risk of Type 2 diabetes among fathers [8, 9] . As in the intergenerational cohort study [9] , a child's birth order made little difference to the effect of its father's diabetes on the birthweight of his offspring.
The association between paternal risk of Type 2 diabetes and offspring birthweight could reflect a common environmental influence on diabetes risk and offspring birthweight. However, our study found only weak associations between adult social class and childhood social class on the one hand, and offspring birthweight on the other. Moreover, neither adult social class nor childhood social class showed any association with prevalence of diabetes in this present cohort. In an earlier prospective report from this cohort of men at age 40 to 59 years no association was seen between adult social class and 12-year incidence of diabetes [29] . Thus the most plausible explanation for an association between offspring birthweight and a father's diabetes risk and increased risk of insulin resistance is common genetic factors which affect insulin action and also lead to impaired insulin-mediated fetal growth [2] . The relationship cannot be explained, as in women, by a direct link between maternal metabolic status and intrauterine control of fetal size.
A potential study limitation is the fact that we used cross-sectional data collected from survivors of a 20-year-old cohort. Our results could therefore be affected by survivor bias. If, for example, offspring birthweight were associated with survival, as well as with occurrence of diabetes and increased insulin resistance, it is possible that our results underestimate the true associations. Another possible limitation is our reliance upon paternal recall of offspring birthweight, which could be inaccurate, particularly if a father relied on his own recall only (without asking the child's mother) [30] . The mean age of the men in our study is 69 years; many of these men will have had their firstborn offspring in the 1950's. Mean birthweight for boys and girls included in the 1958 British birth cohort are similar to those reported for offspring in our study: 3.40 kg (SD 0.45 kg) for boys in the 58 cohort compared to 3.36 kg (SD 0.52 kg) in our study, and 3.26 kg (SD 0.43 kg) compared to 3.25 kg (SD 0.50 kg) for girls) [31] . This similarity suggests that paternal recall of offspring birthweight is unlikely to have biased our results. Any misclassification of offspring birthweight is not likely to be related to paternal diabetes or insulin resistance status and would therefore be non-differential and tend to dilute the true association.
In addition, we do not have data on gestational age of the offspring of the men in this study. However, birthweight adjusted for gestational age in other cohorts has tended to be more strongly inversely associated with CHD than birthweight alone [32, 33] . If the association between offspring birthweight and insulin resistance operates through similar mechanisms to that between own birthweight and coronary heart disease, our results could again underestimate the true association.
Although we cannot separate Type 1 and Type 2 diabetes with certainty, the overwhelming majority of our cases were Type 2 diabetes. Exclusion of men who developed diabetes before age 40 and of men on insulin (n=28 cases) should effectively exclude most subjects with Type 1 diabetes. Doing this further strengthened the association between offspring birth-weight and diabetes (OR=0.55, 95% CI: 0.36 to 0.85 (top quartile vs bottom quartile).
Definitive proof of the fetal insulin hypothesis requires the identification of candidate genes associated with birthweight and insulin resistance. A mutation in the glucokinase gene which results in increased risk of Type 2 diabetes has been shown to be associated with low birthweight [34] . Although this supports the argument, this mutation is rare and cannot explain the association between low birthweight, insulin resistance and cardiovascular disease risk in the general population. The association of a number of candidate genes involved in insulin metabolism with birth size has been examined, but with inconsistent results [35, 36, 37, 38] . To date genetic factors that could explain this association in the general population have not been established.
In conclusion, our study provides important epidemiological evidence consistent with the fetal insulin hypothesis. Our findings indicate that at least some of the associations between the birthweight of individuals and their later risk of diabetes and cardiovascular disease seen in other studies could be genetic and therefore not modifiable by interventions targeting maternal health or intrauterine development. Our findings should also encourage the search for specific polymorphisms associated with birthweight, insulin resistance and cardiovascular disease.
